Introduction
Long-lasting changes in the synaptic efficacy, including longterm potentiation (LTP) and long-term depression (LTD), are considered as the cellular substrate of learning and memory (Bliss and Collingridge, 1993; Bear and Malenka, 1994; Zhuo and Hawkins, 1995; Malenka and Nicoll, 1999; Collingridge et al, 2010) . The stable a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptor (AMPAR) incorporation into and removal from postsynaptic site is one of the main molecular mechanisms underlying LTP and LTD, respectively (Malenka and Nicoll, 1999; Malinow et al, 2000; Man et al, 2000; Sheng and Lee, 2001) . AMPARs are ligand-sensitive tetrameric complex assembled from various subunits, GluA1, GluA2, GluA3 and GluA4 (Wisden and Seeburg, 1993; Hollmann and Heinemann, 1994) . In the hippocampal CA1 synapse, AMPAR trafficking to cell surface during LTP has been suggested to be in the form of GluA1/GluA2 (Adesnik and Nicoll, 2007; Gray et al, 2007) . Several lines of evidence point to the obligatory role of GluA1 in mediating N-methyl-D-aspartate (NMDA) receptor-dependent AMPAR insertion (Shi et al, 1999; Zamanillo et al, 1999; Hayashi et al, 2000; Lu et al, 2001; Passafaro et al, 2001; Shi et al, 2001; Esteban et al, 2003; Lee et al, 2003; Meng et al, 2003) . In particular, PKC phosphorylation at the highly conserved serine 818 residue (Ser818) at the GluA1 C-terminal tail is critical for GluA1 synaptic incorporation during LTP (Boehm et al, 2006; Lin et al, 2009) .
PKC is a multigene family consisting of at least 10 isoforms, 9 of which are expressed in the brain (Naik et al, 2000; Sossin, 2007; Steinberg, 2008) . Based on the mechanisms of activation and domain structures, these isoforms are divided into three groups: conventional, novel and atypical PKC (aPKC; Nishizuka, 1988 Nishizuka, , 1995 . PKC plays a variety of roles in numerous physiological and pathological processes, especially including synaptic plasticity in the brain (Malinow et al, 1989; Sacktor et al, 1993; Wang and Kelly, 1995; Boehm et al, 2006 ; but see Muller et al, 1992; Bortolotto and Collingridge, 2000) . Only conventional and novel groups of PKC receive most attention, which are mainly activated by Ca 2 þ and/or DAG/phorbol ester. The aPKC subgroup contains PKCl/i, PKCz and PKMz. In the hippocampus, only PKCl/i and PKMz but not PKCz of the aPKC are expressed (Naik et al, 2000; Hernandez et al, 2003; Oster et al, 2004) . Due to their atypical regulatory domain structure, PKCl/i is insensitive to DAG/phorbol ester and Ca 2 þ , but can be activated by phosphatidylinositol 3,4,5-trisphosphate (PIP 3 ; Hirai and Chida, 2003; Suzuki et al, 2003) , while PKMz has constitutively catalytic activity due to lacking regulatory domain. It is not until recently found that PKMz plays a critical role in the maintenance of late LTP and long-term memory (Ling et al, 2002; Pastalkova et al, 2006; Yao et al, 2008; Migues et al, 2010) . At the earlier stage of LTP expression, the maintenance of the potentiation is thought to be mediated by PKC phosphorylation of GluA1 Ser818 and subsequent incorporation of AMPARs at the activated synapse (Boehm et al, 2006; Lin et al, 2009) . In vitro phosphorylation assay has revealed that almost all PKC isoforms can phosphorylate Ser818 site (Boehm et al, 2006) . However, different isoforms of PKCs are activated by different activators and thus may function differentially at different LTP phases. Therefore, it is of importance to know which PKC isoform is specifically responsive to NMDA receptor (NMDAR) activation and responsible for subsequent GluA1 Ser818 phosphorylation during LTP expression. It has been well accepted that synaptic activation of NMDAR is required for LTP and that the subsequent intracellular Ca 2 þ increase at activated synapses mediates further changes in AMPAR function, largely through sequentially triggering downstream critical molecules involving LTP expression and maintenance. However, how the activation of synaptic NMDARs is translated into PKC activation and subsequent GluA1 Ser818 phosphorylation remains elusive. It is known that Ca 2 þ /calmodulin-dependent protein kinase (CaMKII) can be activated by Ca 2 þ /Camoldulin (Lisman et al, 2002 (Lisman et al, , 2012a and in turn may facilitate AMPAR delivery into postsynaptic site by activating Ras (Zhu et al, 2002) . Ras is shown to activate the class IA phosphatidylinositol 3-kinase (PI3K) via a direct interaction with the catalytic subunit of the lipid kinase (RodriguezViciana et al, 1996; Downward, 1997) . PI3K has been implicated in some forms of synaptic plasticity (Kelly and Lynch, 2000; Lin et al, 2000) . PI3K can form complex with AMPAR and is required for AMPAR insertion during LTP expression . The PI3K products, PIP 3 , are known to be involved in many synaptic functions including membrane trafficking processes (James and Piper, 1994; Carpenter and Cantley, 1996; De Camilli et al, 1996; Rapoport et al, 1997; Cheever et al, 2001; Arendt et al, 2010) . Accumulation of PIP 3 may recruits a PIP 3 binding module-containing signalling complex, such as the serine/ threonine kinases aPKC (Vanhaesebroeck et al, 1997; Hirai and Chida, 2003; Suzuki et al, 2003) . This raises the possibility that PI3K-induced AMPAR insertion is mediated by aPKC phosphorylation of GluA1 Ser818.
In the present study, we provide evidence to suggest that PKCl acts downstream of PI3K and is critical in AMPAR phosphorylation and subsequent incorporation into postsynaptic site during LTP expression. In addition, we show that p62 forms trimeric complex with both AMPAR and PKCl and facilitates AMPAR phosphorylation by PKCl. Thus, PKCl may play an important role in mediating the selective AMPAR insertion at activated synapses during LTP expression.
Results

PKCk is necessary and sufficient for LTP expression
To investigate the potential role of PKCl in LTP, we employed a method that could selectively target PKCl in the hippocampus. A recombinant adeno-associated virus (rAAV1) particle constructed with rAAV2 coat proteins (rAAV2/1) is an especially effective tool for selectively transducing hippocampal neurons in vivo (Burger et al, 2004) . We first utilized a strong enhanced green fluorescent protein (EGFP) expressing rAAV2/1 virus as a negative control to optimize injection location and volume. EGFP was expressed in most neurons in the dorsal CA1. We then designed and packaged rAAV particles that express short hairpin RNA (shRNA) in vivo and selectively target PKCl. These virus particles were in the same virus package (rAAV2/1), though they contained two expression cassettes. The EGFP expression helped us to locate regions of CA1 and facilitated LTP studies.
We then injected either control or PKCl-shRNA virus into one side of dorsal hippocampus and evaluated the possible physiological consequences of PKCl knockdown (PKCl KD). The rats were injected at postnatal 5-6 days and examined until 2 weeks after injection ( Figure 1A ). The uninjected side was used as an internal control for hairpin expression. PKClshRNA driven by these particles selectively caused about 47% reduction in PKCl expression from homogenates collected from dorsal hippocampus closest to the injection point compared to naive hippocampal samples ( Figure 1B ; Supplementary Figure S1 , n ¼ 12). The knockdown effect of PKCl-shRNA was also confirmed in HEK 293T cells (Supplementary Figure S2) . We then utilized the LTP model induced by a classical pairing protocol (Xu et al, 2009 ) and determined how the reduction in PKCl expression could affect LTP. Evoked AMPAR-mediated excitatory postsynaptic currents (AMPA EPSCs) were recorded under whole-cell configuration. We observed a marked and selective decrease in magnitude of potentiation during the stage of LTP expression in slices from PKCl knockdown hippocampus ( Figure 1C ). In contrast, slices injected with PKCl-shRNA scrambled (PKCl-scr-shRNA) failed to display any obvious effect on LTP ( Figure 1C) . Importantly, the change in LTP caused by PKCl KD was fully rescued by expression of a mutant PKCl (mt-PKCl) with silent mutations resistant to RNA knockdown by PKCl-shRNA ( Figure 1C ). Moreover, PKCl KD did not affect basal synaptic transmission, indicated by absence of changes in pair-pulse facilitation (PPF), AMPA EPSCs and NMDAR-mediated EPSCs (Supplementary Figure  S3) . These data support the notion that PKCl is required for stabilization, but not induction, of early LTP.
To further confirm the role of PKCl in LTP expression, we also employed a blocker of PKCl to pharmacologically suppress PKCl function to assess the physiological consequences. Myr-aPKC-Pseudosubstrate peptide (Myr-aPKC-PS) is a cell-membrane transducible zeta inhibitory peptide (ZIP) that has been shown to selectively inhibit PKMz relative to conventional and novel PKCs and CaMKII (Ling et al, 2002) . However, the amino-acid sequence of the peptide (myr-SIYRRGARRWRKL) is identical to the autoinhibitory pseudosubstrate domain of both PKCl and PKMz (Standaert et al, 2001; Bosch et al, 2004) , thus it may competitively inhibit the activity of both PKMz and PKCl (Jiang et al, 2006) . In order to determine whether Myr-aPKC-PS at a certain concentration can isolate one of the two aPKCs from the other, that is, only selectively inhibit one of the two aPKCs, we performed in vitro assay of protein kinase activity to investigate how this peptide affect the activity of these two aPKCs at different concentrations. We found that Myr-aPKC-PS at a concentration as low as 0.5 mM significantly inhibited activity of PKMz (Ling et al, 2002 ) but hardly affect PKCl or CaMKII activity (Supplementary Figure S4) . When MyraPKC-PS increases to 2.0 mM, it began to display additional inhibitory effect on PKCl. Thus, we utilized 0.5 mM MyraPKC-PS as a selective blocker of PKMz. In good agreement with the previous reports that PKMz display its action at the late maintenance of LTP that depends on protein synthesis (Osten et al, 1996; Migues et al, 2010) , blocking PKMz by constitutively perfusing slices with 0.5 mM Myr-aPKC-PS throughout the whole recording process only attenuated the late phase of LTP ( Figure 1D ), at which the protein synthesis inhibitor cycloheximide (CHX, 60 mM) began to display similar action ( Figure 1E ). By contrast, 2.0 mM Myr-aPKC-PS, which should inhibit activity of both PKCl and PKMz, significantly suppressed LTP expression at the stage immediately after LTP induction ( Figure 1D ). As a control, the peptide alone did not have any effect on the basal AMPA EPSCs ( Figure 1D ). Because the action of PKMz on LTP only occurs at the late maintenance stage after LTP induction (Osten et al, 1996; Migues et al, 2010) , we considered that the additional effect of 2.0 mM Myr-aPKC-PS on early state of LTP expression is attributable to suppression of PKCl by the peptide. This assumption is consistent with above results on impaired LTP expression in PKCl KD animals and obtains further support from the observation that PI3K-induced enhancement of PKCl activity, indicated by increase in Figure 1 PKCl is necessary and sufficient for LTP expression in acute hippocampal slices. (A) Images showing EGFP expression in dorsal hippocampal slices prepared from contralateral (naive; top left) and PKCl-shRNA injected (top right) hemispheres following unilateral injections (4 ml) of a rAAV coexpressing PKCl-shRNA and EGFP. A rescue experiment was also performed in parallel on slices prepared from hemisphere injected with both EGFP-PKCl-shRNA (green; bottom) and mcherry-mt-PKCl (red; bottom). The images were taken at 2 weeks after injection. Scale bar: 20 mm. (B) Examination of the selectivity of PKCl knockdown. A 47% reduction in PKCl, but not in other PKC isoforms or CaMKII, was observed in preparations from dorsal hippocampus. (C) PKCl knockdown led to impaired LTP expression (1.02 ± 0.04, n ¼ 10; compared with baseline, P40.05, paired samples t test; compared with uninjected side cells, 1.59 ± 0.16, n ¼ 5, Po0.01, one-way ANOVA LSD test), which was reversed by PKCl rescue (2.01 ± 0.14, n ¼ 5; compared with baseline, Po0.05; compared with PKCl KD, Po0.01). As a control, LTP was normal in cells transfected with PKCl-scr-shRNA or with EGFP only (PKCl-scr-shRNA, 1.97±0.21, n ¼ 5, compared with baseline, Po0.01; compared with PKCl KD, Po0.01; EGFP, 1.81±0.21, n ¼ 6, compared with baseline, Po0.05; compared with PKCl KD, Po0.01). Overlaid traces above the graph show changes in averaged AMPAR-mediated EPSCs chosen at the times indicated on the graph. The red arrow refers to the time points that the pairing protocol was delivered. (D) PKCl is required for LTP expression. 0.5 mM Myr-aPKC-PS, which was proved to significantly inhibit the activity of PKMz (Ling et al, 2002) , attenuated the maintenance of LTP (1.35 ± 0.05, n ¼ 7; compared with control, 1.83 ± 0.19, n ¼ 8, Po0.01, one-way ANOVA LSD test). When Myr-aPKC-PS was applied at 2.0 mM concentration, which inhibited both PKCl and PKMz, an additional inhibitory effect was observed at the stage immediately after LTP induction (0.94 ± 0.06, n ¼ 6; compared with baseline, P40.05, paired samples t test; compared with control, Po0.01). As a control, the peptide alone did not have any effect on the basal AMPA EPSCs (0.92±0.08, n ¼ 7; compared with baseline, P40.05). The duration of the MyraPKC-PS treatment is indicated by the bar. (E) The protein synthesis inhibitor cycloheximide (CHX, 60 mM) attenuated late maintenance phase of LTP (1.40 ± 0.08, n ¼ 7; compared with 0.5 mM Myr-aPKC-PS, P40.05; compared with control, Po0.05; one-way ANOVA LSD test). The control is borrowed from (D) for comparison. (F) PKCl is sufficient for LTP expression. Active PKCl (1.5 nM), when applied in the intracellular solution, induced persistent enhancement of EPSCs (1.94 ± 0.22, n ¼ 8; compared with baseline, Po0.05). This LTP was significantly attenuated by pretreatment with Myr-aPKC-PS (2.0 mM; 1.19 ± 0.15, n ¼ 6; compared with baseline, P40.05; compared with active PKCl, Po0.05, independent samples t test). Source data for this figure is available on the online supplementary information page.
PKCl autophosphorylation at Thr563 (P-Thr563 PKCl), was reversed by 2.0 mM Myr-aPKC-PS (Figures 2A and B) . Moreover, PKCl KD occluded selected Myr-aPKC-PS effects on LTP (Supplementary Figure S5) . Taken together, these results strongly suggest that the activation of PKCl is required for LTP expression. (C) showing absence of changes in the total PKMz/ PSD95 (740Y-P, 1.01 ± 0.07, n ¼ 7; compared with control, P40.05, independent samples t test) or TIF PKMz/PSD95 ratio under 740Y-P treatment (740Y-P, 1.00 ± 0.04, n ¼ 4; compared with control, P40.05). (E) PKCl is required for LTP induced by PI3k activation. Activation of PI3K with PI3K agonist 740Y-P (15 mM) induced long-lasting potentiation of EPSCs (1.87±0.21, n ¼ 6; compared with baseline, Po0.05, paired sample t test). 740Y-P was applied in the recording pipette solution. This enhancement of AMPA EPSCs was significantly attenuated by blocking PKCl with Myr-aPKC-PS (2.0 mM; 1.14±0.11, n ¼ 6; compared with 740Y-P, Po0.01, one-way ANOVA LSD test) or by selective PI3K antagonist Wort (0.5 mM; 1.15 ± 0.13, n ¼ 6; compared with 740Y-P, Po0.01). As a control, Wort alone failed to exert any effect on basal EPSCs (0.97 ± 0.13, n ¼ 7; compared with baseline, P40.05). PKCl knockdown attenuated enhancement of AMPA EPSCs (0.92 ± 0.06, n ¼ 7; compared with baseline, P40.05; compared with 740Y-P, Po0.01), which was reversed by PKCl rescue (2.25 ± 0.27, n ¼ 5; compared with 740Y-P, P40.05; compared with PKCl KD, Po0.01). In contrast, LTP was normal in cells transfected with PKCl-scr-shRNA (1.79±0.16, n ¼ 5; compared with 740Y-P, P40.05; compared with PKCl KD, Po0.01). (F) PI3K-induced LTP occludes further enhancement induced by active PKCl. Active PI3K (2 mg/ml), when applied in pipette solution, induced persistent enhancement of EPSCs (1.84±0.14, n ¼ 6; compared with baseline, Po0.01). This form of LTP was abolished by blocking PKCl with Myr-aPKC-PS (2.0 mM; 1.08 ± 0.08, n ¼ 6; compared with active PI3K, Po0.01). When co-applied with active form of PKCl (1.5 nM), however, PI3K-induced LTP failed to display further enhancement in the magnitude of LTP (1.78 ± 0.22, n ¼ 6; compared with active PI3K, P40.05). Source data for this figure is available on the online supplementary information page.
To test whether PKCl is sufficient for LTP expression, we applied the active form of PKCl (active PKCl, 1.5 nM) in the solution of the recording pipette. Diffusion of active PKCl into recorded cells enhanced EPSC amplitude within 6 min ( Figure 1F ), and by 40 min, EPSCs increased up to 1.94±0.22 ( Figure 1F ). Bath application of the PKCl inhibitor MyraPKC-PS (2.0 mM) completely abolished the potentiation ( Figure 1F ). These data provide solid evidence that activation of PKCl is sufficient for LTP expression.
In order to double check our deduction that the attenuation of LTP expression by 2.0 mM Myr-aPKC-PS was ascribe to the effect on PKCl, we selectively applied Myr-aPKC-PS at different stages of LTP to investigate how these treatments would affect the LTP (Supplementary Figure S6) . Our results confirm the conclusion that the attenuation of LTP expression by 2.0 mM Myr-aPKC-PS was ascribe to its inhibitory effect on PKCl. Moreover, further results also exclude the possible role of conventional PKC in LTP expression (Supplementary Figure S7 ). Taken together, our above results provide strong evidence to the conclusion that PKCl is both necessary and sufficient for LTP expression.
PKCk functions downstream of PI3K to promote AMPAR incorporation at the synapse
One major mechanism underlying LTP is to increase AMPAR number at postsynaptic membrane via enhancing AMPAR insertion (Malenka and Nicoll, 1999; Malinow et al, 2000; Man et al, 2000; Sheng and Lee, 2001) . It was reported that activation of PI3K was required for AMPAR insertion at activated CA1 synapses during LTP expression . In addition, the PI3K product, PIP 3 , was known to be involved in many synaptic functions including membrane trafficking processes (James and Piper, 1994; Carpenter and Cantley, 1996; De Camilli et al, 1996; Rapoport et al, 1997; Cheever et al, 2001; Arendt et al, 2010) . Moreover, PKCl could bind to and be activated by PIP 3 (Hirai and Chida, 2003; Suzuki et al, 2003) . This raises the possibility that PKCl may function as a downstream effector of PI3K during AMPAR insertion and LTP. To examine this hypothesis, we first investigated whether PI3K activation by its specific agonist 740Y-P (30 mM; Derossi et al, 1998; Williams and Doherty, 1999) could enhance the PKCl activity. When PKCl is activated, it undergoes autophosphorylation at Thr563 (Le Good et al, 1998; Standaert et al, 1999) , therefore, the level of phosphorylated PKCl at Thr563 is a good indicator of PKCl activity. As shown in Figure 2 , the level of phosphorylated Thr563 PKCl (P-Thr563 PKCl) detected in acute hippocampal slices was significantly elevated after 740Y-P incubation for 20 min (Figures 2A and B) . This elevation in P-Thr563 PKCl was blocked by PKCl blocker Myr-aPKC-PS (Figures 2A  and B) or by PI3k antagonist Wortmannin (Wort, Figures 2A  and B) . In contrast, the total PKC amount was not changed under these treatments. These results suggest that activation of PI3K promotes PKCl activity. Because PKMz has constitutively catalytic activity due to lacking an autoinhibitory regulatory domain, the role of PKMz in LTP maintenance is dependent on the increase of its amount (Osten et al, 1996; Migues et al, 2010) . However, the total amount of PKMz was unaltered 20 min after 740Y-P (Figures 2C and D) . To further examine the possible redistribution of PKMz from cytoplasm to postsynaptic site upon 740Y-P treatment, we also determined PKMz quantity at postsynaptic density (PSD) and failed to detect any obvious changes (Figures 2C and D; Supplementary Figure S8) , indicating that PKMz did not take a role during the early phase of 740Y-P administration.
We then investigated whether LTP induced by PI3K activation was also affected by inhibiting PKCl. Intracellular application of the PI3K-specific agonist 740Y-P (15 mM) in the recording pipette solution induced a gradual enhancement of AMPA EPSCs, which became stable in 20 min ( Figure 2E ). This persistent enhancement of AMPA EPSCs was abolished by selective PI3K antagonist Wort ( Figure 2E ). Wort alone did not exert any effect on basal AMPA EPSCs ( Figure 2E) . Similarly, perfusing slices with 740Y-P (30 mM) for 10 min induced LTP (Supplementary Figure S9) . Importantly, PKCl inhibitor Myr-aPKC-PS (2.0 mM) significantly attenuated the PI3K-induced LTP expression ( Figure 2E ). Moreover, PKCl KD inhibited PI3K-induced LTP expression ( Figure 2E ). In contrast, slices injected with PKCl-scr-shRNA failed to display any obvious effect on PI3K-induced LTP expression ( Figure 2E ). Importantly, a rescue experiment performed in parallel reversed the changes in LTP caused by PKCl KD ( Figure 2E ). In addition, the PI3K-induced LTP was also produced by putting the active form of PI3K in the recording pipette solution (active PI3K, 2 mg/ml; Figure 2F ). Similarly, PKCl inhibition with Myr-aPKC-PS (2.0 mM) completely inhibited the potentiation in EPSCs ( Figure 2F ). Moreover, coapplication of the active form of PI3K (2.0 mg/ml) and PKCl (1.5 nM) failed to display any further potentiation in EPSCs ( Figure 2F ). Taken together, our results indicate that PI3K and PKCl act in a common pathway and that PKCl functions downstream of PI3K during LTP. PI3K therefore exerts its effect via selectively activating PKCl during LTP expression.
The AMPAR insertion at activated CA1 synapses contributes to PI3K-induced LTP . We next examined whether LTP triggered by PKCl activation was attributable to the postsynaptic incorporation of GluA1. Triton-insoluble fraction (TIF) was fractionated as postsynaptic compartment (Gardoni et al, 2001; Yan et al, 2011) . PI3K activation increased the postsynaptic expression of GluA1 (Figures 3A and B) and GluA2 (Supplementary Figure S10) , suggesting that AMPAR trafficking into PSD induced by PI3K activation are in the form of GluA1/ GluA2. However, the enhancement in both postsynaptic GluA1 and GluA2 was inhibited by antagonist of either PI3K or PKCl (Figures 3A and B ; Supplementary Figure  S10 ), suggesting that PKCl activity was required for elevated AMPAR expression at postsynaptic site. Interestingly, a parallel enhancement in total and PSD phosphorylated GluA1 at the highly conserved serine 818 residue (P-Ser818-GluA1) was also observed upon PI3K activation (Figures 3A and B ; Supplementary Figure S11 ), whereas no change in phosphorylated GluA1 at 831 (P-Ser818-GluA1) was detected (Supplementary Figure S11) , suggesting that this increase in P-Ser818-GluA1 may contribute to the total increase in GluA1 in PSD. The specificity of the P-Ser818-GluA1 antibody was also examined (Supplementary Figure S12) . These results were consistent with the immunofluorescence and western blot data obtained in cultured hippocampal neurons showing similar alterations in postsynaptic GluA1 and GluA2 (Figures 3C-F; Supplementary Figure S10 ). The synaptic GluA1 was determined by quantifying the degree of colocalization of GluA1 and synaptophysin using an N-terminal antibody against GluA1 under a non-permeable condition.
We observed an increased GluA1 density at synapses following 740Y-P treatment ( Figures 3C and D) . This enhancement was completely blocked by Myr-aPKC-PS or Wort (Figures 3C and D) . These results obtained further support from the standard surface biotinylation assay of GluA1 ( Figures 3E and F) .
To further assess the functional consequence of potentiation of AMPAR insertion upon PI3K activation and the role of PKCl in this process, we determined the possible changes in miniature EPSCs (mEPSCs). PI3K activation by 740Y-P (15 mM) treatment induced enhancement in both mEPSCs amplitude and frequency ( Figures 3G and H) . The increase in frequency was more likely caused by an unsilencing of synapses, because 740Y-P treatment did not display any significant effect on pair-pulse ratio (Supplementary Figure S13) . The potentiation in both mEPSCs amplitude and frequency was abolished by blocking PKCl with 2.0 mM Myr-aPKC-PS ( Figures 3G and H) . Moreover, no change in mEPSCs amplitude or frequency was detected in PKCl KD group (Figures 3G  and H) . Notably, potentiation in mEPSCs reappeared in a PKCl rescue experiment performed in parallel (Figures 3G and H) . As a control, potentiated mEPSC amplitude and frequency was normal in cells transfected with PKCl-scr-shRNA ( Figures 3G  and H) . Taken together, these results provide compelling evidence that AMPAR incorporation upon PI3K activation was achieved through activation of PKCl.
p62 may serve as a scaffolding protein to facilitate GluA1 phosphorylation by PKCk Since PKCl activation is required for GluA1 Ser818 phosphorylation, PKCl might be the kinase that directly phosphorylates GluA1 at Ser818. In order to phosphorylate GluA1, PKCl needs to be recruited to a close vicinity of GluA1 at the activated synapses. This can be achieved through direct or indirect interactions between the kinase and GluA1. p62, an aPKC-associated protein that is highly expressed in the hippocampus (Gong et al, 1999) , has been shown to be a multidomain scaffolding protein that directly interacts with aPKCs and AMPARs through its aPKC interacting domain (AID) and ZZ-type finger domain, respectively (Geetha and Wooten, 2002; Jiang et al, 2009) . Moreover, p62 knockout impairs hippocampal AMPAR trafficking and LTP expression (Jiang et al, 2009) , suggesting that p62 plays a critical role in LTP. It is interesting to note that PKMz lacks the regulatory region and thus cannot bind to p62 as PKCl does (Puls et al, 1997; Sanchez et al, 1998; Jiang et al, 2006) . Therefore, it is possible that p62 serves as a scaffold to link PKCl and AMPARs to form a trimeric complex and thus to facilitate the AMPAR phosphorylation by PKCl. To test this possibility, we used 10 000 Â g ultracentrifugation for 20 min to remove non-solubilized material and employed co-immunoprecipitation (Co-IP) assay and confirmed that these molecules were indeed associated (Supplementary Figure  S14) . Then, we employed anti-GluA1 antibody to precipitate the protein complex and to examine how PI3K activation would affect the association between these molecules. We found that upon 740Y-P treatment the amounts of p62 and PKCl that interacted with GluA1 (p62/GluA1 and PKCl/ GluA1) were significantly increased ( Figures 4A and B) , and the amount of P-Ser818-GluA1 was also increased simultaneously ( Figures 4A and B) . These results were further confirmed by Co-IP experiments with anti-p62 or anti-PKCl antibody ( Figures 4C-F) . Interestingly, the association between PKCl and p62 (PKCl/p62) was not altered by the treatment (Figures 4C and D , also seen in Figures 4E and F) . Antagonizing PKCl activity with Myr-aPKC-PS (2.0 mM), however, abolished the enhancements in association induced by 740Y-P (Figures 4A and B) . Similar results were obtained in Co-IP assays with anti-p62 or anti-PKCl antibody ( Figures  4C-F) . In addition, blocking PI3K with Wort also suppressed the enhancements in association induced by 740Y-P (30 mM, Figures 4A-F) . These results suggest that the activation of PKCl is required for the increased association of GluA1 with p62 and PKCl. The absence of change in association between PKCl and p62 (PKCl/p62) upon PI3K activation suggests that the level of their association is already high or even saturated under basal conditions in our experiments and was not further affected by PKCl activity, as reported by a previous study (Sanchez et al, 1998) . These data provide evidence to the notion that p62 serves as a scaffolding protein to link GluA1 and PKCl during LTP.
If p62 really implements such an important 'bridging' function to facilitate direct GluA1 phosphorylation by PKCl, then reduction in p62 should display significant physiological consequences, including possible alterations in synaptic plasticity. Thus, we utilized rAAV2/1 virus to deliver EGFP-tagged Figure 3 PKCl activation is required for PI3K-induced increase in AMPA receptor expression and clustering at synapses. (A) PKCl activation is required for PI3K-induced increase of GluA1 expression at synapses: western blot evidence. (B) Statistical plot of data as shown in (A). PI3K activation by 740Y-P treatment promoted postsynaptic expression of GluA1 (1.44±0.06, n ¼ 11; compared with control, Po0.01, one-way ANOVA LSD test). This potentiation was reversed by either PKCl antagonist Myr-aPKC-PS (2.0 mM; 1.01 ± 0.05, n ¼ 11; compared with 740Y-P, Po0.01) or PI3K antagonist Wort (0.5 mM; 0.97 ± 0.06, n ¼ 11; compared with 740Y-P, Po0.01). A parallel enhancement in PSD phosphorylated GluA1 at the highly conserved serine 818 residue (P-Ser818-GluA1) was also observed upon PI3K activation (1.67 ± 0.12, n ¼ 5; compared with control, Po0.01). This potentiation was reversed by either PKCl antagonist Myr-aPKC-PS (1.07 ± 0.06, n ¼ 5; compared with 740Y-P, Po0.01) or PI3K antagonist Wort (1.01±0.08, n ¼ 5; compared with 740Y-P, Po0.01). **Compared with control, Po0.01; ## compared with 740Y-P, Po0.01. (C) PKCl activation is required for PI3K-induced increase of GluA1 clusters at synapses: immunofluorescence evidence. Example images of cell surface AMPARs (green; non-permeabilized) at synapses (red; synaptophysin) under control and various treatments are shown. Bar, 30 mm. Higher magnification of dendritic branches is in lower panels. Bar, 5 mm. The boxes in the Merge column indicated corresponding magnified regions. (D) Quantification of cell surface AMPA receptor clusters at synapses under various conditions, represented by normalized GluA1/ synaptophysin clusters ratio. PI3K activation increased GluA1 clusters at synapses, represented by increased colocalization of surface GluA1 and synaptophysin staining (1.74±0.02, n ¼ 22; compared with control, Po0.01). This potentiation in synaptic AMPARs was reversed either by blocking PKCl with Myr-aPKC-PS (2.0 mM; 1.11±0.02, n ¼ 24; compared with 740Y-P, Po0.01), or by blocking PI3K with Wort (0.5 mM; 1.10±0.02, n ¼ 25; compared with 740Y-P, Po0.01). (E) PKCl activation is required for PI3K-induced increase of GluA1 expression at synapses: standard surface biotinylation assay. (F) Plot summarized the data from experiments shown in (E; 740Y-P, 1.39 ± 0.02, n ¼ 4, compared with control, Po0.01; Myr-aPKC-PS, 1.01 ± 0.06, n ¼ 4, compared with 740Y-P, Po0.01; Wort, 1.08 ± 0.04, n ¼ 4, compared with 740Y-P, Po0.01). (G) Continuous sample mEPSCs traces taken at the times indicated from cultured hippocampal neurons under various treatments. (H) Plot summarized the data from experiments shown in (G). Adding 740Y-P (15 mM) in pipette solution significantly potentiated mEPSC amplitude (1.20±0.06, n ¼ 13; compared with baseline, Po0.01, paired samples t test) and frequency (1.31±0.06, n ¼ 13; compared with baseline, Po0.01) at 20 min after recording. The potentiation in both mEPSCs amplitude and frequency was abolished by blocking PKCl with 2.0 mM MyraPKC-PS (amplitude, 0.94 ± 0.04, n ¼ 11, compared with 740Y-P, Po0.01; frequency, 0.92 ± 0.11, n ¼ 11, compared with 740Y-P, Po0.01; independent samples t test). This potentiation was absent in PKCl KD group (amplitude, 1.00 ± 0.02, n ¼ 7, compared with baseline, P40.05; frequency, 1.04 ± 0.05, n ¼ 7, compared with baseline, P40.05), but reappeared in PKCl rescue group (amplitude, 1.22 ± 0.06, n ¼ 7, compared with baseline, Po0.01; frequency, 1.28 ± 0.07, n ¼ 7, compared with baseline, Po0.01). As a control, potentiated mEPSC amplitude and frequency was normal in cells transfected with PKCl-scr-shRNA (amplitude, 1.33±0.10, n ¼ 5, compared with baseline, Po0.05; frequency, 1.31±0.07, n ¼ 5, compared with baseline, Po0.01). *Compared with baseline, Po0.05; **compared with baseline, Po0.01; # compared with 740Y-P, Po0.05; ## compared with 740Y-P, Po0.01. Source data for this figure is available on the online supplementary information page. p62-shRNA into dorsal hippocampus to knockdown the expression of p62 in vivo (Figures 4G and H) . p62-shRNA driven by these particles caused about 52% reduction in p62 expression from hippocampal homogenates closest to the injection point ( Figure 4H ). The knockdown effect of p62-shRNA also had been confirmed in HEK 293T cells (Supplementary Figure S2) . Compared with naive hippocampal samples, p62 knockdown preparations displayed decreased potentiation magnitude during LTP expression ( Figure 4I) . Importantly, the changes in LTP caused by p62
PKCk is critical in LTP expression S-Q Ren et al KD were fully rescued by expression of a mutant p62 (mtp62) with silent mutations resistant to RNA knockdown by p62-shRNA ( Figure 4I) .
These results support a working model illustrated in Figure 4J . According to this model, disrupting the interaction between p62 and GluA1 or between p62 and PKCl should hinder the formation of the trimeric PKCl/p62/GluA1 complex and in turn suppress GluA1 phosphorylation by PKCl. In order to test this hypothesis, we utilized short cell-permeable peptides derived from p62 binding sequence in the loop L2-3 of GluA1 [Tat-GluA1(L2-3)] or from the AID sequence of p62 (Tat-p62AID), to interfere with p62/GluA1 and PKCl/p62 interactions, respectively ( Figures 5A and B) . The efficacy and specificity of the peptides were evaluated by Co-IP assays. Tat-GluA1(L2-3) (2.0 mM) decreased the GluA1/ PKCl association ( Figures 5C and E) but did not affect the p62/PKCl association ( Figures 5C and E) , whereas Tatp62AID (4.0 mM) significantly decreased both p62/PKCl and GluA1/PKCl association under basal condition (Figures 5C and E) . In addition, as expected, Tat-GluA1(L2-3) blocked 740Y-P-induced potentiation in p62/GluA1 association (Supplementary Figure S15) . On the other hand, although 740Y-P treatment failed to change p62/PKCl association (Figures 5D and F ; also see Figure 4 ), Tat-p62AID (4.0 mM) suppressed p62/PKCl association to the degree below the basal level ( Figures 5D and F) . Moreover, Tat-GluA1(L2-3)-induced inhibition in p62/GluA1 association was accompanied by a decrease in GluA1/PKCl association (Figures 5D and F and also see Supplementary Figure S15 ), whereas Tatp62AID-induced inhibition in p62/PKCl was accompanied by a decrease in GluA1/PKCl (Figures 5D and F) . These results are consistent with our prediction that both PKCl and GluA1 directly interact with p62 and support the existence of a trimeric complex composing of PKCl, p62 and GluA1 (PKCl/p62/GluA1). This PKCl/p62/GluA1 complex puts PKCl in a strategic position to phosphorylate GluA1 during PI3K-induced LTP. In addition, these results support the notion that increased p62/GluA1 association upon 740Y-P treatment is a secondary event following PKCl activation.
Protein interacting with C kinase 1 (PICK1) has been reported to be involved in both LTP and LTD (Terashima et al, 2008) . GluA2 binds a dimeric PICK1, which may interact with PKC. This mechanism may also bring GluA1/ GluA2 and PKC together. To examine the possible role of PICK1, we used a peptide Tat-pep2-SVKI that possessed YNVYGIESVKI sequence to disturb the association between GluA2 and PICK1 (Daw et al, 2000) . We found that application of this peptide failed to produce any changes in the enhancement of GluA1 Ser818 phosphorylation induced by PI3K activation (Supplementary Figure S16) , suggesting that PICK1 does not take a role in this PI3K-induced phosphorylation of GluA1.
To further determine whether the direct interactions between p62 and PKCl or between p62 and GluA1 were required for LTP induced by PI3K activation, we performed whole-cell recording in hippocampal CA1 neurons in the presence of Tat-GluA1(L2-3) or Tat-p62AID. As shown in Figures 5G and H , both Tat-GluA1(L2-3) and Tat-p62AID interfering peptides, which disturbed p62/GluA1 and PKCl/ p62 interactions, respectively, significantly attenuated LTP expression induced by PI3K activation. None of the peptides had an effect on the basal AMPA EPSCs. As a control, the scrambled peptides had no effect on LTP. These results suggest that interactions of p62 with both PKCl and GluA1 are critical for the expression of LTP.
We next examined whether the attenuation of LTP by the interfering peptides was due to the disturbance of AMPAR insertion. As shown in Figures 6A and B , both peptides reversed 740Y-P-induced increase in postsynaptic GluA1 expression. The scrambled peptides did not have any effect. To further confirm these biochemical results, we performed immunofluorescence assays in cultured hippocampal neurons to determine the amount of synaptic GluA1 by quantifying colocalization of surface GluA1 and synaptophysin. Consistent with the western blotting data, both peptides significantly reduced GluA1 at synapses (Figures 6C and D) . These effects were not observed in cultured cells incubated with the scrambled peptides. In addition, disturbing the (C) and (E), respectively. PI3K activation potentiated the association between p62 and GluA1 or the association between PKCl and GluA1 (p62/GluA1, 1.69 ± 0.17, n ¼ 9, compared with control, Po0.01; PKCl/GluA1, 1.50 ± 0.09, n ¼ 9, compared with control, Po0.01; one-way ANOVA LSD test; A and B, also seen in C-F), but not affected the association between PKCl and p62 (0.98 ± 0.05, n ¼ 9; compared with control, P40.05; C and D, also seen in E and F). The amount of P-Ser818-GluA1 was also increased simultaneously (P818-GluA1/GluA1, 1.74±0.16, n ¼ 5, compared with control, Po0.01; A and B, also seen in C-F). The potentiation was antagonized by blocking PKCl with Myr-aPKC-PS (p62/GluA1, 1.07±0.07, n ¼ 9, compared with 740Y-P, Po0.01; PKCl/GluA1, 0.99±0.09, n ¼ 9, compared with 740Y-P, Po0.01; P818-GluA1/GluA1, 1.10±0.11, n ¼ 5, compared with 740Y-P, Po0.01; A and B, also seen in C-F) or by PI3K antagonist Wort (p62/ GluA1, 0.86 ± 0.07, n ¼ 9, compared with 740Y-P, Po0.01; PKCl/GluA1, 0.90 ± 0.11, n ¼ 9, compared with 740Y-P, Po0.01; P818-GluA1/GluA1, 1.00 ± 0.07, n ¼ 5, compared with 740Y-P, Po0.01; A and B, also seen in C-F. *Compared with control, Po0.05; **compared with control, Po0.01; # compared with 740Y-P, Po0.05; ## compared with 740Y-P, Po0.01. (G) Images showing EGFP expression in dorsal hippocampal slices prepared from p62-shRNA injected and contralateral (naive) hemispheres following unilateral injections (4 ml) of an rAAV coexpressing p62-shRNA and EGFP. A rescue experiment was also performed in parallel on slices prepared from hemisphere injected with both EGFP-p62-shRNA (green) and mcherry-p62 (red; bottom). Scale bar: 20 mm. (H) Confirmation of PKCl knockdown. A 52% (52%±3%) reduction in p62 was observed in preparations from dorsal hippocampus. (I) p62 knockdown led to impaired LTP expression (1.03 ± 0.13, n ¼ 9; compared with baseline, P40.05, paired sample t test; compared with uninjected side cells, 1.63 ± 0.05, n ¼ 6, Po0.01, one-way ANOVA LSD test), which was reversed by PKCl rescue (1.99 ± 0.29, n ¼ 5; compared with p62 KD, Po0.01; compared with uninjected or EGFP control, P40.05). As a control, LTP was normal in cells transfected with p62-scr-shRNA (1.65 ± 0.12, n ¼ 4; compared with baseline, Po0.05; compared with p62 KD, Po0.05). The EGFP control was borrowed from Figure 1C for comparison. (J) A schematic illustration describes the possible 'briding' role of p62 during PI3K-induced LTP. Under basal conditions, PKCl/p62 association is already at high level, while relatively fewer GluA1 is associated with p62/ PKCl complex. PI3K activation by 740Y-P treatment causes accumulation of its products, PIP3, on the membrane of AMPAR-containing vesicles. PIP3 can thus activate downstream PKCl, which in turn trigger the recruitment of the p62/PKCl complex to vicinity of GluA1 via an unknown mechanism, thereby facilitating direct interaction between GluA1 and PKCl. Thus, p62 may function as a 'bridge' between AMPAR and PKCl to facilitate direct GluA1 phosphorylation by PKCl. Source data for this figure is available on the online supplementary information page. p62/PKCl or p62/GluA1 interaction with these interfering peptides also significantly attenuated expression of LTP that induced by a classical pairing protocol ( Figures 7A and B) . Together with the above biochemical results, these immunofluorescence data highly suggest that both p62/PKCl and p62/GluA1 interactions are critical for both PI3K and physiologically induced LTP and further supports the notion that p62 serves as a scaffolding protein to facilitate the formation of trimeric PKCl/p62/GluA1 complex upon PKCl activation, which in turn place PKCl in close proximity to facilitate GluA1 phosphorylation by PKCl.
Discussion
PKCk exerts its effect in LTP expression
Several pieces of evidence support the role of PKCl in LTP early expression. First, suppressing PKCl function with either knockdown or pharmacological manipulation specifically attenuated the magnitude of potentiation during LTP expression, but not the induction of LTP (Figure 1) . Second, the peptides disrupting the p62/PKCl or p62/GluA1 association also specially affected LTP expression (Figures 6 and 7) . Finally, PI3K, which can activate downstream PKCl, is reported to be involved in the expression of LTP (Sanna et al, 2002) . The action by PKCl on LTP early expression is in clear contrast to the effect of PKMz. PKMz is considered as the constitutively active kinase that is responsible for the maintenance phase of LTP and is required for storage of spatial memory (Ling et al, 2002; Pastalkova et al, 2006; Yao et al, 2008; Migues et al, 2010) . Moreover, the conventional PKC has been reported to be required for LTP induction (Abeliovich et al, 1993) .
Importantly, the underlying mechanisms by which these isoforms of PKC take their roles in LTP are also different.
PKCl, as we demonstrate here, contributes to LTP by facilitating GluA1-dependent AMPAR incorporation at postsynaptic sites. PKMz maintains LTP and memory either by inhibiting GluA2-dependent AMPAR removal (Migues et al, 2010) or by persistently modifying N-ethylmaleimidesensitive factor/GluA2-dependent trafficking of postsynaptic AMPARs (Yao et al, 2008) . Conventional PKC can be briefly activated by transient Ca 2 þ elevation during LTP induction, then phosphorylate Src and in turn modify NMDAR channel property to potentiate its opening (Lu et al, 1998 (Lu et al, , 1999 . Thus, different isoforms of PKC may function differentially at different stages of LTP through distinct mechanisms.
The specificity of ZIP on aPKC
Recently, a debate is raised on the specificity of zeta inhibitory protein (ZIP) as a main pharmacological agent used to inhibit PKMz (Sacktor and Fenton, 2012; Lisman et al, 2012a; Lisman, 2012b; Yao et al, 2013) . The concern is that ZIP at relatively high dosage (45.0 mM) may cause non-specific effects. It is worth noting that the sequence of the ZIP (myr-SIYRRGARRWRKL) is identical to the autoinhibitory pseudosubstrate domain of both PKCl and PKMz (Standaert et al, 1999; Bosch et al, 2004) ; therefore, it may inhibit the activity of both PKMz and PKCl (Jiang et al, 2006) , even though the sensitivity of these two aPKCs to this ZIP might not be identical. In this study, we found that Myr-aPKC-PS at a relatively low dosage (0.5 mM) exerted its action on PKMz and hardly affected PKCl, while Myr-aPKC-PS at a higher level (2.0 mM) suppressed the activity of both PKMz and PKCl. These results call attention to the issue that the dosage of ZIP is critical to the effect it exerts. Our observation that Myr-aPKC-PS at a dosage that selectively inhibits PKMz attenuates the protein synthesis-dependent late phase of LTP confirms the role of PKMz in LTP maintenance. However, we cannot exclude the possibility that ZIP-induced inactivity of PKCl may also make a contribution to inhibitory effect by ZIP at a dosage higher than 2.0 mM, even if it is only applied at the late stage of LTP. Thus, care should be taken in the future when interpretations on ZIP's action are given.
The implication of the present study is further highlighted by two recent independent studies, both of which indicate that the suppressive effects of ZIP on LTP are independent of PKMz (Lee et al, 2013; Volk et al, 2013;  for comments of these studies, see Frankland and Josselyn, 2013) . However, as Frankland and Josselyn mention in their comments, upon publication of the two studies, at least two questions still remained to be addressed. First, which molecule is the real target of ZIP independent of PKMz? Second, is that targeted molecule required for synaptic plasticity? Our present study well addressed these two questions. We demonstrate that ZIP at a regular dosage used by previous studies (2 mM) can also inhibit the activity of PKCl. More importantly, our present study explicitly demonstrates, for the first time, that PKCl is the precise molecular target of ZIP as well as a molecule involved in synaptic plasticity. Till now the results obtained from knockout animals in these studies cannot completely exclude the possible compensation by other remained PKC isoforms, future study on acute PKMz knockdown animals is needed to validate these findings. Nevertheless, if PKMz is really not required for synaptic plasticity, learning and memory as the two recent studies point out, then most of Figure 5 Association of PKCl or GluA1 with p62 is required for PI3K-induced LTP. (A, B) Schematic diagram illustrating the operation principles of two short cell membrane-permeable peptides which interfere GluA1/p62 association and p62/PKCl, respectively. (C) Co-IP assay with antibody against PKCl revealed how the two interfering peptides affect the association of PKCl with p62 or with GluA1 under basal condition (in the absence of 740Y-P). Scrambled peptides were employed as controls. Tat-GluA1(L2-3), 2.0 mM; Tat-p62AID, 4.0 mM. Arrowhead indicates the non-immune IgG heavy chain. (D) Co-IP assay revealed how the two interfering peptides affected the increased association of PKCl with GluA1 or with p62 upon PI3K activation. (E) Plot summarized the data from experiments shown in (C). Tat-GluA1(L2-3) decreased the GluA1/PKCl association (0.78±0.02, n ¼ 4, compared with control, Po0.05; one-way ANOVA LSD test), but did not affect p62/PKCl association (1.04±0.06, n ¼ 4, compared with control, P40.05), whereas Tat-p62AID significantly inhibited both GluA1/PKCl and p62/PKCl association (in absence of 740Y-P, p62/PKCl: 0.53 ± 0.05, n ¼ 4; compared with control, Po0.01; GluA1/PKCl: 0.55 ± 0.08, n ¼ 4). As a control, scrambled peptides failed to show any significant effects on these associations. (F) Plot summarized the data from experiments shown in (D). Tat-GluA1(L2-3) reversed the PI3K-induced potentiation in GluA1/PKCl association (1.00 ± 0.05, n ¼ 7; compared with 740Y-P, 1.52 ± 0.06, n ¼ 7, Po0.01). As a control, scrambled peptides failed to show any significant effects on these associations. On the other hand, although 740Y-P treatment failed to change p62/PKCl association (1.06±0.06, n ¼ 7, compared with control, P40.05), Tat-p62AID (4.0 mM) suppressed p62/PKCl association to the degree below the basal level (0.54±0.06, n ¼ 7; compared with control, Po0.01). Moreover, TatGluA1(L2-3)-induced inhibition in p62/GluA1 association was accompanied by a decrease in GluA1/PKCl association (1.00 ± 0.05, n ¼ 7; compared with 740Y-P, Po0.01), whereas Tat-p62AID-induced inhibition in p62/PKCl was accompanied by a decrease in GluA1/PKCl (0.95 ± 0.05, n ¼ 7; compared with 740Y-P, Po0.01). *Compared with control, Po0.05; **compared with control, Po0.01;
## compared with 740Y-P, Po0.01. (G, H) Interfering p62/GluA1 association (G) or p62/PKCl association (H) attenuated PI3K-induced LTP (740Y-P, 1.88 ± 0.27, n ¼ 5, compared with baseline, Po0.05, paired samples t test; 740Y-P þ Tat-GluA1(L2-3), 1.14±0.11, n ¼ 6, compared with 740Y-P, Po0.05; 740Y-P þ Tat-p62AID, 1.08±0.08, n ¼ 11, Po0.01; one-way ANOVA LSD test). Tat-GluA1(L2-3) or Tat-p62AID failed to show any significant effects on basal synaptic transmission (Tat-GluA1(L2-3), 1.06±0.13, compared with baseline, P40.05; Tat-p62AID, 1.03±0.15, compared with baseline, P40.05). As a control, the scrambled peptides had no effect on LTP (740Y-P þ Tat-Scr-GluA1(L2-3), 2.00 ± 0.32, n ¼ 5, compared with 740Y-P, P40.05; 740Y-P þ Tat-Scr-p62AID, 2.14 ± 0.18, n ¼ 6, P40.05). The data for 740Y-P group in (H) were borrowed from (G) for comparison. Overlaid sample traces on the top of the graph were recorded at indicated times were shown. Source data for this figure is available on the online supplementary information page. the previous observations that have been ascribed to the effects of PKMz, especially those findings based on ZIP treatment, should now be accredited to PKCl.
One recent study reports that ZIP at 1 mM fails to inhibit PKMz in cells overexpressing PKMz (Wu-Zhang et al, 2012) . This may be partially, if not at all, due to the overexpression system they used in all of their experiments. PKMz overexpression can largely elevate the level of exogenous PKMz. The resultant PKMz level may exceed the level required for phosphorylation of all its endogenous substrate (Yao et al, 2013) . As a result, almost all of the PKMz endogenous substrate is phosphorylated. If ZIP only antagonizes the excess part of the PKMz, then the remaining PKMz can still keep its substrate phosphorylated. . Increase in GluA1 postsynaptic clustering upon PI3K activation was completely reversed by interfering GluA1/p62 association with Tat-GluA1(L2-3) or by interfering p62/PKCl association with Tat-p62AID (740-Y-P þ Tat-GluA1(L2-3), 0.96 ± 0.09, n ¼ 8, compared with 740-Y-P, 1.57 ± 0.14, n ¼ 8, Po0.01; 740Y-P þ Tat-p62AID, 1.03±0.10, n ¼ 8, compared with 740-Y-P, Po0.01; one-way ANOVA LSD test). The scrambled peptides (Tat-ScrGluA1(L2-3) and Tat-Scr-p62AID) failed to display effect in GluA1 postsynaptic expression (compared with 740-Y-P, P40.05). (C) Interfering peptides suppressed increase in AMAPR insertion upon PI3K activation. Example images of cell surface AMPARs (green; non-permeabilized) at synapses (red; synaptophysin) under control and various treatments are shown. Bar, 30 mm. Higher magnification of dendritic branches are in lower panels. Bar, 5 mm. The boxes in the Merge column indicated corresponding magnified regions. (D) Plot summarized the data from experiments shown in (C). Both of the two interfering peptides reversed increase in surface AMPAR insertion at synapses (740-Y-P þ TatGluA1(L2-3), 1.00 ± 0.02, n ¼ 19, compared with 740-Y-P, 1.63 ± 0.03, n ¼ 22, Po0.01; 740Y-P þ Tat-p62AID, 0.92 ± 0.02, n ¼ 20, compared with 740-Y-P, Po0.01). As a control, the scrambled peptides failed to display any significant effect on AMPAR insertion (P40.05). **Compared with control, Po0.01; ## compared with 740Y-P, Po0.01. Source data for this figure is available on the online supplementary information page.
In contrast, as a general and potent kinase inhibitor, staurosporine inhibits both PKMz and other PKC isoforms. Accordingly, the level of phospho-Ser PKC, which reflects the phosphorylation of all PKCs substrate (but not only for PKMz substrate), is more easily be affected by staurosporine.
How does PKCk affect AMPAR trafficking during LTP expression?
It has been widely accepted that LTP is mediated by synaptic insertion of GluA1-containing receptors via its C-tail interactions (Shi et al, 1999 (Shi et al, , 2001 Zamanillo et al, 1999; Hayashi et al, 2000; Lu et al, 2001; Passafaro et al, 2001; Esteban et al, 2003; Lee et al, 2003; Meng et al, 2003; Boehm et al, 2006; Lin et al, 2009) . In this study, upon PKCl activation, we detected a parallel increase in phosphorylation of Ser818 site in membrane proximal region of GluA1 C-tail. Since previous study has demonstrated that phosphorylation of this residue controls AMPAR incorporation into active synapses during LTP, we propose that PKCl may take its role in LTP early expression through phosphorylation of this site. However, here we do not examine the direct causal link between PKCl activation and Ser818 phosphorylation.
Recently, an important study used a single molecular replacement strategy to replace all endogenous AMPARs with transfected subunits and found no requirement of the GluA1 C-tail for LTP (Granger et al, 2012) . Moreover, LTP induction was independent of GluA1 subunit type. These findings obviously contradict with some previous data and thus impel us to reconsider the core molecular events underlying synaptic plasticity. Taken into consideration of those compelling studies that demonstrates impaired LTP in mice with phospho-null knock-in mutations of two key phosphorylation sites (Lee et al, 2003) , the study cannot rule out the possibility that C-tails have some modulatory effects on synaptic plasticity. The study also shows that GluA1 knockout can significantly reduce synaptic and extrasynaptic AMPARs and disrupt LTP expression, which is consistent with previous studies (Zamanillo et al, 1999) . Lu et al (2010) have found that the first loop of GluA1 is required for synaptic targeting of AMPARs. Our present results also show that the domain between loop2 and loop3 of GluA1, which can bind p62-PKCl complex, takes a role in this process. Whether other domains of GluA1 are necessary for AMPA trafficking or whether PKCl has functions other than phosphorylating Ser818 need to be further investigated.
Materials and methods
Whole-cell recordings from acute hippocampal slices
Male Sprague Dawley rats, 2-3 weeks old, were anaesthetized with ethyl ether and decapitated. The whole-cell recording of CA1 neurons in hippocampal slices was performed using standard techniques. For details, see Supplementary Experimental Procedures.
shRNAs and shRNA rescue design, packaging and stereotactic virus injection shRNA sequences targeting the rat isoforms of PKCl and p62 were 5 0 -CTGGATTTGCTGACATCCAAG-3 0 and 5 0 -GAACUCCAGUCUCUAC AGA-3 0 separately, and the scrambled shRNA sequences for PKCl and p62 were 5 0 -GGCTATGTAAGTCCTTCCAAG-3 0 and 5 0 -GCAT AACCCTTCAATCAGG-3 0 , respectively. The PKCl and p62 genes were synthesized according to Genebank NM_032059.1 and NM_175843.4, respectively, and the mt-PKCl and mt-p62 genes were synthesized with silent mutations resistant to RNA knockdown by PKCl-shRNA and p62-shRNA separately. These gene sequences were then cloned into plasmids for packaging into AAV2/1 virus. A comprehensive description of these procedures and virus injection is provided in Supplementary Experimental Procedures and Supplementary Figures S1 and S2.
Primary hippocampal cell culture, transfection and spontaneous EPSCs recordings
Low-density primary hippocampal cultures (0.1-0.2 Â10 5 cells/ml) from E18-19 rats were prepared as described previously (Brewer et al, 1993) . A comprehensive description of cell culture, transfection and mEPSCs recording is provided in Supplementary Experimental Procedures.
Immunofluorescence labelling and analysis DIV14-18 cultured neurons were treated with 740Y-P in the culture media for 20 min and then were fixed with paraformaldehyde for 30 min. A comprehensive description of labelling of surface GluA1 and confocal imaging is provided in Supplementary Experimental Procedures.
Subcellular fractionation, immunoblotting and immunoprecipitation
Hippocampal slices were prepared as described above. A comprehensive description of subcellular fractionation, immunoblotting and immunoprecipitation is provided in Supplementary Experimental Procedures. Figure 7 Association of PKCl or GluA1 with p62 is required for physiologically induced LTP expression. (A) Association of GluA1 with p62 is required for physiologically induced LTP. LTP was induced by a classical pairing protocol (200 synaptic stimuli at 2 Hz with a 2.5-min depolarization to 0 mV prior to stimulation). Interfering p62/GluA1 association with intracellular treatment of GluA1(L2-L3) peptide attenuated LTP magnitude at expression stage (1.14±0.08, n ¼ 9, compared with control, Po0.01, one-way ANOVA LSD test). As a control, the scrambled peptide (ScrGluA1(L2-3)) failed to display any significant change in LTP (1.67±0.16, n ¼ 6, compared with control, P40.05). (B) Association of PKCl with p62 is required for physiologically induced LTP. Interfering p62/PKCl association with p62AID peptide attenuated LTP magnitude at expression stage (1.04 ± 0.12, n ¼ 8, compared with control, Po0.01), whereas the scrambled peptide (Scr-p62AID) failed to display any significant change in LTP (1.56 ± 0.10, n ¼ 4, compared with control, P40.05). The control in this figure is borrowed from Figure 1D for comparison.
In vitro kinase activity assay A comprehensive description of in vitro kinase activity assay is provided in Supplementary Experimental Procedures.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
